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ABSTRACT
Microfluidics is concerned with the characteristics and manipulation of fluid flows
along  mili-  and  micro-sized  channels  at  very  low  Reynolds  numbers  intended  for
specific applications. It affords improvements based on several factors such as enhanced
surface area-to-volume ratio and faster diffusion which facilitate efficient extraction and
phase separation. In this study, microfluidic solvent extraction ( ȝSX) was investigated
as an alternative to conventional bulk solvent extraction of copper from a pregnant leach
solution.  While  bulk  solvent  extraction  typically  requires  a  two-step  mixer-settler
arrangement, ȝSX precludes the need of a settler. A copper solution was produced by
using sulfuric acid as leachant of a composite malachite– chalcopyrite concentrate. A
microfluidic  Y-Y  channel  placed  on  the  format  of  a  microscopy
polymethylmethacrylate (PMMA) slide was used for the ȝSX process. LIX 84 (10%
v/v) dissolved in Shellsol was used as the extractant. In a typical ȝSX application, two
streams (one being the aqueous solution and the other the organic phase) are in direct
parallel contact along the microsized channel. There was no observable blockage along
the  microfluidic  channel  and  copper  extraction  was  accomplished  under  continuous
phase flow.
INTRODUCTION
Microfluidics is concerned with the characteristics and manipulation of fluid flows
along mili- and micro-sized channels (laminar flow at very low Reynolds number). As
such,  microfluidics affords  improvements based  on several  factors such  as  enhanced
surface area-to-volume ratio and faster diffusion which facilitate efficient extractions
and  phase  separations  (Kim et  al .,  2000).  It  is  a  highly  multidisciplinary  field
encompassing  chemical  engineering,  physics,  chemistry  and  biology.  Microfluidics
studies  are  currently  applied  in  development  of  inkjet  printheads,  lab-on-a-chip
technology  and  biomedical  fields.  The  application  of  microfluidics  in  the  fields  of
metallurgy  and  mineral  processing  is,  however,  scarce  and  this  represents  a  great
o p p o r t u n i ty  f o r  A u s t r a l i a n  a n d  N e w  Z e a l a n d  r e s e a r c h e r s  t o  g a i n  a  f o o t h o l d  o n  t h i s
emerging technology.
In terms of conventional mineral processing industry, solvent extraction (SX) is used
to separate and recover metal ions based on their relative solubilities in aqueous leachC.-Y. Yin, A.N. Nikoloski, MeiWen Wang
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solution and organic extractant. Industrial-scale SX  is conducted in a two-stage unit
operation called  mixing-settling (Coulsonet al., 1996; Napeidaet  al .,  2010).  In the
mixer stage, the two immiscible phases are dispersed in a turbulent regime to facilitate
transfer of valuable metal ions into the organic phase containing  the extractant. The
dispersion is subsequently transferred into a settling tank where phase separation occurs.
Recently, microfluidic SX (ȝSX) was proposed by Ralston and co-workers (Klinket al.,
2008; Zhou et al., 2010; Priestet al., 2011) as a potential alternative to the mixing-
settling  SX  process.  It  was  suggested  that ȝSX  afforded  improvements  over  the
conventional SX process as the former could bypass the settler stage and due to the fact
that undesirable particle-stabilized emulsions do not form inȝSX. The ȝSX concept has
also  been  extended  recently  to  two-phase  solvent  extraction  of  lanthanide  ions  as
applied for used nuclear fuel processing (Nichols et al., 2011). SinceȝSX research is
still  in  its  infancy,  more  comprehensive  studies  are  needed  to  further  develop  this
technology, especially in regard to enhancing its efficiency for potential industrial-scale
application.
In this preliminary study, extraction of copper from a pregnant leach solution (liquor)
produced  from  a  composite  malachite  (Cu 2CO3(OH)2)  –   chalcopyrite  (CuFeS 2)
concentrate  was  conducted  using  bulk  SX  and  microfluidics  ( ȝSX).  The  organic
extractant  used  was  LIX84  (2-hydroxy-5-nonylacetophenone  oxime)  –   a  commonly
used reagent in the mineral processing industry.
EXPERIMENTAL
Concentrate mineralogy and preparation of copper leach solution
Composite  malachite– chalcopyrite  concentrate  was  obtained  from  Nifty  mine  in
Western Australia and ground to less than 180  ȝm in size (Fig. 1a). The mineralogy of
the concentrate was examined using X-ray diffractometry (XRD) via a GBC EMMA
diffractometer  operating  at  2 ș  and  step  size  0.02°.  The  copper  leach  solution  was
produced  by  adding  2M  sulfuric  acid  (Merck,  Australia)  to  the  concentrate  at  2:1
volume-to-mass ratio (mL:g). The leaching was carried out at 50°C with continuous
agitation until no bubbling could be observed. The slurry was then allowed to cool to
room temperature and  filtered using a Buchner  funnel,  which produced a clear  blue
solution containing 36.5 g/L copper. The pH of the filtrate was then adjusted to 2.5
using sulfuric acid.
Bulk solvent extraction
Bulk  SX  was  conducted  using  a  customised  lab-scale  mixer-settler  unit.
Approximately 70 mL of the organic extractant, 10% v/v LIX
® 84 (Cognis) dissolved in
Shellsol 2046 (Shell Chemicals) was added to the mixer. The leach solution was then
added  at  an  organic/aqueous  volumetric  ratio  ( Rv)  of  0.65  and  the  two  immiscible
solutions  were  agitated  using  an  impeller  at  1100  rpm.  The  organic  extractant  and
aqueous solution were pumped  into the  mixer  concurrently  at  flow  rates  50  and  75
mL/min,  respectively.  The  mixture  overflowed  into  the  settler  after  5  seconds  and
following disengagement samples of each phase were taken to determine their copper
concentrations by atomic absorption spectroscopy (GBC-933AA).C.-Y. Yin, A.N. Nikoloski, MeiWen Wang
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Microfluidic extraction
A microfluidic Y-Y channel was used for  ȝSX (Fig. 1b and 1c). The channel was
placed  on  the  format  of  a  microscopy  poly(methyl  methacrylate)  (PMMA)  slide
(Microfluidic ChipShop, Germany). Two inlet channels (width = 150  ȝm; depth = 75
ȝm) merge at a Y-junction to form a single channel (top width = 313  ȝm; bottom width
= 300 ȝm; depth = 75  ȝm; length § 10 mm) which separates into another identical Y-
junction at the outlet (quasi H-channel). Polyethylene (PE) tubes were used to connect
the two channel inlets (via Luer connectors) to two syringes, each containing the copper
leach solution and organic extractant. Liquid flow was executed using syringe pumps
(NEW  ERA  Pump  Systems,  Inc.,  model:  NE-300)  and  monitored  using  an  optical
microscope. The flowrates of the copper leach solution ranged from 0.13 to 0.70 mL/hr
and the organic/aqueous volumetric flow rate ( Rf) ratio for both bulk SX and ȝSX was
fixed at ca 0.65, since this ratio afforded the most stable microfluidic flow (Priestet al.,
2011). Liquid flows were maintained for several minutes to ensure that the system has
reached  stability  before  samples  were  taken  in  order  to  determine  the  copper
concentration.
Fig. 1: (a) Composite malachite– chalcopyrite concentrate; (b) microfluidic device; (c)
schematic diagram of the microfluidic device.
RESULTS AND DISCUSSION
Concentrate mineralogy
Fig. 2 shows the XRD spectra of the composite malachite– chalcopyrite concentrate.
The identification of these patterns using database from Joint Committee on Powder
Diffraction  Standards  (JCPDS)  indicates  that the  minerals  possess  highly  crystalline
structure. Quartz is a detected at 20.9°, 26.7° and 50.22° (JCPDS 01-0649) and it is
apparent that in the tested concentrate it was the dominant gangue mineral (Donget al.,
1995). Malachite is detected at 14.9°, 17.6°, 24.1°, 31.3° and 35.7° (JCPDS 02-0345/10-C.-Y. Yin, A.N. Nikoloski, MeiWen Wang
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0399) while chalcopyrite is detected at 29.5° (JCPDS 01-0842). Even though this XRD
result  provides  mere  qualitative  data,  it  nonetheless  infers  the  abundant  presence  of
copper in the concentrate.
Fig. 2: XRD pattern of composite malachite– chalcopyrite concentrate.
Hydrometallurgical reactions
During the sulfuric acid leaching process, copper is dissolved according to reactions
such as those shown below. Reaction (1) is likely to be predominant under the present
conditions since reaction (2) usually requires higher temperatures.
Cu2CO3(OH)2 (s) + 2H2SO4 (aq) ĺ 2CuSO4 (aq) + CO2 (g) + 3H2O (l)        (1)
CuFeS2(s) + 4H2SO4 (aq) ĺ
CuSO4 (aq) + FeSO4 (aq) + 2S (s) + 2SO2 (g) + 4H2O (l)        (2)
In both bulk and microfluidic solvent extraction processes, the transfer of copper ions
from the aqueous phase to LIX
® 84 (RH) occurs rapidly at pH > 2, according to a
reaction envisaged as:
2RH (org) + CuSO4 (aq) ĺ R2Cu (org) + 2H2SO4 (aq)        (3)
In  a  typical  hydrometallurgical  copper  recovery  process,  R 2Cu  is  stripped  from  the
organic using a stronger sulphuric acid solution to produce a more concentrated and
relatively pure CuSO4 that can be used in an electrowinning process whereby Cu
2+ ions
are  reduced  to  Cu  metal.  It  should  be  noted  that  the  stripping  and  electrowinning
process are not covered in this study.C.-Y. Yin, A.N. Nikoloski, MeiWen Wang
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Bulk solvent extraction
Fig. 3 shows the copper extraction efficiency as a function of contact time. Initial
copper extraction up to 20 seconds is very rapid before the curve plateau is nominally
reached from approximatelytc = 80 s onwards. It should be noted that this curve is used
to indicate the typical trend exhibited by a bulk metal ion extraction process and not
meant to be compared with ȝSX in terms of transfer kinetics. This is because of the
inherent difficulty of obtaining a satisfactory estimation of the dispersed liquid droplets’
surface area and volume due to their size heterogeneity and liquid opacity. Nonetheless,
this particular curve can be used as a preliminary point of reference for design of  ȝSX
systems.
Fig. 3: Bulk extraction efficiency as a function of contact time.
Microfluidic solvent extraction
No significant blockage along the microfluidic channel was observed during the
copper extraction process. In addition, particle-stabilised emulsions (crud) are absent in
ȝSX due to the absence of liquid– liquid dispersion (Priest et al., 2011). Fig. 4 shows the
copper  extraction  efficiency  as  a  function  of  contact  time.  The  contact  time tcm is
defined as the time the organic and aqueous solutions are in contact along the  main
microchannel. Continuous  flows  for the two solutions are only possible  for tcm  5
seconds.  For tcm  >  5  seconds,  instability  due  to  slow  liquid  velocity  renders
discretisation  of  flow  and  therefore,  only  data  for tcm  5  s e c o n d s  a r e  s h o w n .
Interestingly, the extraction kinetics for contact times up to 5 seconds seem to follow a
quasi-linear correlation. This observation is consistent with results reported by Ralston
and co-workers (Zhou et al., 2010; Priest et al., 2011) for contact times up to 5 seconds,
although it should be noted that the curve will ultimately reach a plateau  for  higherC.-Y. Yin, A.N. Nikoloski, MeiWen Wang
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contact times (up to 40 seconds) ( ibid) which is better described using the second-order
rate equation.
Fig. 4: Microfluidic extraction efficiency as a function of contact time. Inset shows the
merging of the leach solution and organic extractant flows at the first Y junction.
Molecular  diffusion  is  an  integral  transport  phenomenon  relevant  to  solvent
extraction  defined  as  the  net  transport  of  molecules  resulting  from  their  molecular
movement alone, in the absence of turbulent mixing (McNaught and Wilkinson, 1997).
As such, the obtained copper extraction data have been fitted to a molecular diffusion
model (Eq. 4) based on Fick’ s second law of diffusion developed by McCulloch and co-
workers (1996) and recently customised by Ciceriet al. (2011) for molecular diffusion
across a water/oil interface in a Y-Y shaped microfluidic device.
    (4)
Corg and Co are the average concentrations of copper species in the organic phase and
the initial concentration of the copper species in the aqueous phase (g/L), respectively.
Dorg  and Daq a r e  th e  di f f u si on  c oef f i ci en ts  of  th e  c op p e r  s p e c i e s  i n  th e  or g a n i c  an d
aqueous  phase  (m
2/s),  respectively. K  is  the  distribution  ratio  of  the  copper  species
between  the  organic  and  aqueous  phase,  while wnorm  (m)  represents  the  normalised
width of the organic phase in the main microchannel (wnorm = Rfw = 0.65w). In this case,C.-Y. Yin, A.N. Nikoloski, MeiWen Wang
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it is assumed thatw (m) represents half of the top width of the microchannel (see Fig.
5).
Fig. 5: Schematic diagram showing the cross-sectional view of main contacting
microchannel.
By plotting Corg against tcm
0.5, a linear correlation with correlation of determination,
R
2  of  0.9732  and  a  gradient  value  of  1.1966  g/L.s
0.5 c a n  b e  o b t a i n e d  ( F i g .  6 ) .
Accordingly, this gradient value yields the following mathematical correlation between
K, Dorg and Daq:
3.38 · 10
5 K = (1/Dorg
0.5) + (K/ Daq
0.5)     (5)
Judging  by  the  high R
2  value,  it  appears  that  the  presented  experimental  data  is
consistent  with  the  above  molecular  diffusion  model.  This  implies  that  in  the  µSX
system  operating  under  the  given  conditions,  diffusion  of  the  metal  ions  takes  place
predominantly  in  one  dimension,  that  is  across  the  aqueous/organic  boundary  and
equilibrium is instantaneously achieved at the interface.
These  preliminary  findings  represent  proof-of-concept  and  they  are  part  of  the
current  work  in  progress  aimed  at  developing  microfluidic  technology  for  metal  ion
solvent extraction. It offers some clear benefits which might be of interest in some niche
applications, such as in the treatment of low-volume and high-value aqueous streams.
The microfluidic system will certainly benefit  from  longer contact time between the
organic  extractant  and  leach  solution  along  a  longer  main  microchannel  which  may
extend into a serpentine configuration. Nevertheless, it has been suggested (Klinket al.,
2008) that a high-throughput processing unit consisting of tens of thousands of stacked
microfluidic chips may be considered for scale-up of such systems.C.-Y. Yin, A.N. Nikoloski, MeiWen Wang
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Fig. 6: Experimental correlation betweenCorg and tcm
0.5 for this study.
CONCLUSIONS
This study has established a proof-of-concept for the application of microfluidics for
extracting  copper  ions  from  actual  pregnant  leach  solution  produced  by  leaching
malachite-chalcopyrite  concentrate.  A  basic  Y-Y  microfluidic  channel  was  used  to
represent a preliminary µSX design that could act as basis for future µSX studies. The
fact that microfluidic designs can afford high S/V ratios which translates to fast mass
transfer across an immiscible liquid-liquid interface coupled with other desirable aspect
such  as  non-formation  of  particle-stabilised  emulsions  warrant  further  research  and
development in this emerging area of science.
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